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1. INTRODUCTION

In recent work, referred to as PZ1 (Powell and Ziclinski 1989), we develoned a steady-
state model for investigating the properties of plasima discharges in an clectrothermal (I571)
guo. A number of experimental measurements were also discussed and a coniparison of the
experimental and theoretical results was undertaken. In this report, we will be interested
primarily in extending the calculations to the tinie-dependent regime. We will also account
for certain nonideal eflects, neglected in our previous worlk, but which can be important
for platinas in the temperature and density range characteristic of these discharges. More
extensive experimental measurements will also be presented and compared with the calcu-
lations. It is, in fact, these additional measurements and their lack of agreement with the

steady-state model that have motivated the time-dependent calculations.

The intent of both the theoretical and experimental work described here is to provide
somie insight into the nature of the -ipillary discharge. It is hoped that ultimately a model
can be developed whicli can be coupled to interior-ballistic codes, as well as to models for the
appropriate power supplies, and provide a complete description of the electrothermal gun.
The complexity of the analysis as a whole has been the basic motivation for various groups

concentiating on a single aspect of the problern.

During the last decade or so, considerable effort has been expended in the study of
problems similar to the capillary discharge. This emphasis has arisen because of the impor-
tance of ablation-stabilized arcs for a variety of applications. Probably the most complete
cxperimental work was the early investigations by Ibrahim (1980) who undertook quite an
extensive set of diaguostic measurements of various arc properties. A fairly simple theoret-
ical model was also proposed and used to analyze the experimental data. Later, Kovitya
and Lowke (1984) undertook a thoroughgoing theoretical treatment of the problem. Their
madel was one-dimensional and predicted the properties of the discharge under steady-state
conditions. Results of the calculations were compared to a very limited extent with the
expetiniental work of Ihrabim (1980), and also of Niemeyer (1978). and reasonably good
agreenent between theory and experiment was claimed. More recent work, both theoretical
and experimental, has been carried out by Ruciti and Niemeyer (1986). With regard to the
specific problem of clectrothermal-gun capillaries, models of varying complexity have been
proposed by Tidman, Thio, Goldstein, and Spicer (1986), by Loeb aad Kaplan (1989), by
Chryssorallis, Marinos, Riced, and Cook (1988), by Mohanti, Gilligan, and Bourham (Mo-
hanti und Gilligan 1990; Mohanti, Gilligan, and Bourman 1991), and by various investigators

at Sandin National Laboratories (Woodfin 1991). These treatments range from zero dimen-

pional and steady stale, Lo more sophisticated time-dependent, one-dir iensional calculations




wlilch arc coupled to both the pulse-forming network and to interior-ballistic models of the
I l

working fluid.

The model and calculations both here and in our previous work are similar to the one-
dimensional treatments above. Qur intention has been to develop a capability in BRI for
describing the ET capillary in order to provide basic data for modeling the interior ballistics
of these devices. Turthermore, we have availlable models and computer codes that were
developed in conjunction with the study of plasma arcs in railguns. These codes solve the
basic magnetohydrodynamic conservation equations for the plasma. as well as calculate its
conduictivity, its onization state, and approximate pertinent equations of state. This report
will basically describe our first efforts at modifying these models and programs to treat the
ET-capillary problem, as well as present some preliminary experimental measurements of

the plasma properties.

The organization of the report is as follows. In Sec. 2, we describe the model and major
assumptions. In Sec. 3, the theoretical formalism necessary for treating the problem is
developed. In Sec. 4, we discuss a simple, limiting-case calculation; the simplified model is
one which is isothermal and steady state. In Sec. 5, the experimental measurements alluded
to above are described in some detail. Section 6 contains results of the calculations and a
comparison of theoretical and experimental results. Finally, in Sec. 7, we attempt to discuss
rather carefully the limitations of the calculations, likely reasons for the lack of agreement
between some aspects of calculations and experiment, and some ways in which both the
model and experiments can be improved in future work.

2. MODEL AND ASSUNMPTIONS

The basic model that will be employed in the calculations is shown schematically in Fig. 1.
A potential diflerence applied between the anode and cathode, located at z = 0and z = €in
the figure, produces a current ¢ which 1s conducted through a plasma arc in the interior of
the cylinder shown. The current ohmically heats the plasina te temperatures of several tens
of thousands of degrees. Radiation flux ¢ from the hecated plasma then ablates additional
maicrial from the capillary wall. This material replaces the plasma which is shown, via the
curved arrows, flowing out the end of the capillary tube located at z = £. The left end of the

tube, located at z = 0, is closed. The radius of the capillary, not shown in the figure, is ry.

In PZ., we undertook calculations with this model in which it was assumed that the

plasma could be treated in the steady-state approximation. In the present work we will

extend those calculations to the time-dependent regime. In addition, we will include certain
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Figure 1. Schematic Diagram of Capillary Model.

nonideal effects which can occur for plasmas in this temperature and density range. These
nonideal effects are important whenever the density of the plasma is sufficiently high that,
because of nonnegligible Coulomb interactions, the potential energy is not negligible relative
to the thermal energy. Nonideal plasmas have received considerable attention in the last few
years, and there now exist an enormous number of models (See, e.g., Gunther and Radtke

1984) for calculating the eflects of these important interactions.

Nonideal effects can be expected to produce the following consequences. First, and
probably most important, is a reduction in the plasma conductivity at a fixed temperature
and pressure. Roughly speaking, this reduction occurs because short-range collisions between
electrons and ions, which occur infrequently and are negligible in low-density plasmas, cannot
be neglected in the nonideal case. To correct the conductivity, we have adapted a heuristic
method developed by Zollweg and Licbermann (1987), the principal result of which is to
replace the Debye shielding parameter in the us: al Spitzer expression (Spitzer 1965) for
conductivity by an effective, larger value. The secoi.d consequence of nonnegligible Coulomb
interactions is that the nominally "free” electrons in the plasma are no longer completely
free, but remain weakly bound to the ions. Consequently, there is an effective reduction in
the ionization potential associated with each species, since less energy is required to remove
an clectron to a weakly bound state than to a completely free state. In addition, one can
obviously expect a contribution to the internal energy of the plasma from the Ceulomb

interaction and a resulting change iu the pressure as a function of temperature and density.



Since the Coulomb interaction is negative, the pressure is reduced from that which would
be obtained in the ideal case. Since the change in both the energy and pressure tend to
be very small indeed. at lcast for cases of interest to us, we have neglected these particular
nonideal cffects. We do, however, account for the lowering of ionization potential. A similar
approximation has been employved for railgun plasma armatures by Rolader and Battch
(1939), and we will use the same model for the ionization reduction as they have employved.
The model is that developed by Ebeling and Sandig (1973).

Two other minor improvements have been made in the calculations of PZ1. First, we have
atiempted to improve the computation of the electronic partition functions of carbon and
its ions by including additional terms in the series. Second, we have included a calculation
of the electronic excitation energy and included this contribution in the internal energy of
the plasma. Both of these changes are discussed in greater detail in the ensuing pages, but

neither makes a particularly significant change in the results of PZ1.

Other approximations and assumptions that were employed in PZ1 are also used in this
calculation: The model is one dimensional so that it is assumed that all flow variables
are nearly constant across the cross section of the capillary, except possibly within a small
distance of width é near the walls. This region is designated as the "boundary™ and is
so labelled in Fig. 1. In all final equations we take the limit as § — 0. It is assumed
that the plasma consists of a homogeneous mixture of hydrogen and carbon neutrals and
ions, which resulted from dissociated polyethylene, the substance assumed to compose the
solid capillary. The carbon is assumed to be at most doubly ionized. We neglect both
turbulent and magnetohydrodynamic effects. The latter approximation is reasonable since
the magnetic pressures turn out to be small relative to the hydrostatic pressures; the neglect

of turbulence is not so easily justified and requires further study.

3. THEORETICAL FORMALISM

3.1 Derivation of Conservation Equations with Ablation. The most straight-

forward method for obtaining the one-dimensional equations which express conservation of
mass, momentum, and energy and which account for ablation is to average the appropriate
two-dimensional equations over the cross section of the capillary. We therefore begin the

analysis with the standard axisymmetric two-dimensional results in cylindrical coordinates.

Let p, P, and E be the density, pressure, and specific internal energy of the plasma. Let ©
be velocity which has r component u and z component w. Let J, o, and ¢ be the current
density, electrical conductivity, and heat flux. Then, expressed in conservation form, the
equations can be written



d 1 0 J .
—0~?+;E(rpu)—r-;(pw) =0 (1)
d 1 d a 2 oFP
O N 4 = pl) = - &
(,ﬂ(pu)+”,)r(rpuu)~+ 52 ) 9a (2)
and
0 - 2 1 0 2 _8_ o 279 lﬁ pJ ﬁ [T
S{PLE +23/2)] + 2o [rpu( B +/2)) + - lpw( E + 07 /2)) + 22 (rPu) + 5=(Pw) =
J? 19 dq.
= - (rg) - 52 (3)
o ror :

We now assume that all the plasma variables are nearly constant across the arc cross
section except very near the boundary. We then multiply through each of the equations
above by 2rrdr and integrate from r = 0 to r = ry — §, i. e, up to the inside edge of the

boundary layer. The spatial average of any variable F is defined as

_ 2% 7
F=— rEF(r,z)dr (1)
AJo
where A is the cross sectional area given by A = nr?. In obtaining the above result we have
taken 6 to be small relative to ry. We furthermore assume that since the variables are nearly
constant that the average of all products can be replaced by the product of averages. The

above integrations then yield

ap 9, __ 2 .
a2 —;(pw) = T Peus = P (%)
o . 9, _, 2 P
7;(PE) + 0:( )+ rb(Pbubub) =7 (6)

and

2 2
—pous(Ep + v} /2) = =4, (7)
Ty Ty




Here the subscript b denotes values of the variable in question at the point r = r, — &, In
obtaining Eq. (7), we have assumed that ©% ~ u* and. since 4 changes only by a small
amount in any calculation of interest to us, we have also taken dA/dt and 94/9z to be zero.
We will henceforth assume that wy = 0 in accordance with previous assumptions (Powell
and Zielinski 1989) that the ablated products enter with no velocity and neglect the last
term on the left-hand side of Eq. (6).

In order to obtain the rate of ablation, it is necessary to observe that Egs. (1) and (3),
which express conservation of mass and energy, hold not only in the plasma but in the
solid polvethylene as well provided we take ¢ = 0. As a result, the equations imply certain
boundary conditions that must hold at the interface between the plasma and the solid.
These conditions can be obtained by integrating cach of the equations across the boundary
of thickness § and then taking the limit as 6 — 0. We finally observe that the integral of
cach partial time derivative %—tp produces, except for terms which vanish with é, the result
-ty < F' >. Herc 7, denotes the velocity with which the boundary moves and the brackets (in
this section only) denote the change in the quantity in question as the boundary is crosscd.

Carrying out the two integrations then and solving the results for uy and 7, we obtain

Ag .
v —Fb: PbEb (8)
and
. mAq
Ty = ———————— 9
" n(Pot pby) W

In these two equations p, denotes the density of solid polyethylenc, and Ag¢ = ¢, — ¢,
denotes the difference in the flux emitted by the gas at the boundary and that transmitted
all the way into the solid or, in other words, the flux absorbed by the boundary. In deriving
thesc equations we have assumed that p, >> py, £, << E,, and u} << E,. Equation (8)
can evidently be used to obtain the ablation rate, whercas kq. (9) yields the rate at which

the solid surface reccedes.

Equations (8) and (9) can now be used in Egs. (5)-(7). We find after expanding out the

derivatives and simplifying the equations considerably that the results can be written

dp Jw dp .
oV Pa; tugs = (10)




duw du ar

pop trvgs tte =57 (1)
and
or oFE Jdu J: 2 g
~ P_— ])— .Q - ‘2 2 = T — TQrs — _-_:-~ l.;)
Py trugs Tt z+p(E w?/2) e . (12)

with the ablation rate p, given by

. 2pAgq
fa

S 13
ro( Py + po L) (13)

The overbars, denoting average values, have for simplicity been omitted in these equations
and will be omitted in the remainder of the report. It is to be understood that averayged
values are implied unless stated otherwise. Equations similar to those above have been
derived, for example, by Tidman, Thio, Goldstein, and Spicer (1986).

The ablation-dependent terms in the above equations can be interpreted as follows, The
term p, in Eq. (10) represents the rate at which the plasma density increases because of
ablation. The term wp, in Eq. (11) represents a drag force on the gas because the ablated
products enter with no velocity. Finally, in Eq. (12), the term p,E accounts for energy
expended by the plasma to bring about the ablation process, whereas the term p,w?/2
corresponds to a dissipative effect resulting again from the ablation products entering the
mainstrcam of the arc with no velocity. The first of the last two terms results in a decrcase

in internal energy, while the second results in an increase.

3.2 Equations of State and Supplementary Relations. As is well known, the
conservation equations presented in the previous section are not sufficient to determine
uniquely the various fluid parameters. Additional relations required include expressions
for the heat flux ¢ and conductivity o, as well as equations of state which relate P and £ to
the density p and temperature 7. Much of these data have been tabulated for polyethylene
in, for examnple, the SESAME tables (Holian 1984). Nevertheless, we will formulate the ap-

propriate relations in their entirety and carry out the calculations within the computer code.

The purpose for undertaking the calculations rather than relying on tabulated or curve-
fitted values is our interest in developing a mechanism whereby plasina constituents may be
changed casily, even for mixtures whose properties have not been previously documented.

In all the calculations to be discussed, we will neglect both the longitudinal heat flux ¢,

as wcll as the flux conducted into the solid polyethylene, ¢,,. The first efflect was deemed




negligible because the length of our capillary tubes is generally large compared to their radius.
Moreover, carlier calculations which we have performed including this effect suggested only
minor differences with cases in which it was neglected. The second effect is assumed to be
fairly insignificant because of the low thermal conductivity of polyethylene. The energy flux
radiated out the sides of the capillary will be assumed to obey the standard blackbody-
radiation result. Consequently, we will neglect the last two terms on the right-hand side of
Eq. (12), and take Aqin Egs. (8) and (9) to be given by

Aq =g = 05T}, (14)

where og is Stefan’s constant.

To determine the pressure equation of state, we assume the Jaw of partial pressures and
write

P=7lc(1+l‘lc+21’gc)kT+ Tl}[(l'{'I;H)kT, (]5)

where k is Boltzmann's constant, where ne and ny denote the number densities of heavy
particles for carbon and hydrogen, respectively, and where z,, is used to denote the ratio
of "jth” ions to hecavy particles for species a. We assume that the carbon atoms are ionized
at most doubly, an assumption which wil] prove reasonable for the temperature and density
ranges of intcrest. It is sometimes convenient to express Eq. {15) in terms of the mass density
and to use the rather obvious relation

4
ne = —————o, (16)
oc 4+ romoy
where mye and gy are the masses of the carbon and hydrogen atoms, respectively, and rg
is the ratio of hydrogen to carbon heavy particles. For the assumed homogeneous mixture

of polyethylene, ry = 2.

Thedon concentrations which appear in Eq. (15) can be determined by solving the Saha
equations (see, c. g., Zeldovich and Raizer 1966). In rather simplified notation thesc govern-
ing equations can be written

KoK
I 4 1\’10, + I"lal\’Za '

T2a = KNzoTyo =

The functions K, are given by




2.0 2mm AT L, R “.
7 s e api=( L0 = ALa)/K T, (18]

[/

2
hyy=—
e

where m, is the clectron mass. & is Planck’s constant. [,, denotes the jth ionization potential
for specie a, and AT, denotes the reduction in the jonization potential because of the
nonideal effects discussed carlier. As pointed out, we use the model proposed by Ebeling

and Sandig (1973) to compute the reduced potentials. The reduction can then be written

je’
dreo(Ap + A/8)

Al = (19)

In this expression ¢ is the permittivity of free space. € is the electronic charge, and A is the

deBroglie wavelength given by

h

A= (2rm kT2

(20)

The parameter Ap is the standard Dcbye length, taken here to account for both electron and

positive-ion shiclding, and can be written

kT 1'7?
o= [ ‘2”

where n, is the electron density given by

ne = mpy + nic + 2nyc, (22)

and Z represents the effective charge on an ijon, namely,

nexic +4Ancrc + nyTyy

Z = .
neTic + 2nexc + nuTiy

(23)

The electronic partition functions Z,a which appear in Eq. (18) can be written (Zeldovich
and Raizer 1966)

Zia = ZgJuiexp(-L"jﬂf/kT)v (21)

whore Ujai is the energy level of the ith electronic state of the jth ion, and gju is the

appropriate decgeneracy factor for this level. These encrgy-level data have been compiled




Table 1. Degencracy Factors and Electronic Energy Levels for Hydrogen, Carbon, and
Their lons
Carbon ] Hydrogen |
Le=11.26 ev | o= 24.38 ev | Iac=17.86 cv | Lip=13.60 ev |
j=0 J=1 j=2 1=0
i | goci | Uncilev) | gici | Uici(ev) | gaci | Laci(er) | goni | Uonilen)
1 1 0.0 2 0.0 1 0.0 2 0.0
21 3 0.0020 4 0.0079 9 6.50
3 5 0.0054 12 5.35 |
4 5 1.27
h) 1 2.69
6 5 4.19
7 9 7.50
§| 3 7.70
9| 15 7.96
10 3 8.36
1] 15 8.66
121 3 8.79
131 9 8.87

elsewhere (Moore 1952). The summation in Eq. (24) should actually be extended over all
levels having energy lower than the reduced ionization potential. For simplicity, however,
we have extended the sum only over levels whose energy was less than about 9 ev. Our
calculations will indicate temperatures within the arc of at most about 3 ev, so the that the
exponential factors in thc omitted terms are at worst about 5% of those in the leading terms.
Approximations of this type are fairly common and have been discussed elsewhere (Cambel
1963). The actual levels and degeneracy factors used in the calculations have been indicated
in Table 1. It should be noted that in some cases several levels of comparable energy have
been grouped together.

In calculating the specific internal cnergy of the plasma there is a certain arbitrariness
in what one defincs as the zero level. In calculations which include ablation, however, it
is necessary to account for the energy required to vaporize, dissociate, and ionize the solid

polyethylene , as well as to heat the resulting products up to the temperature of the plasma
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core. One should also account for the electronic excitation cnergy in both the neutrals and
the ions, though this contribution is frequentiy negligible. 1f we take the zero energy level to

correspond to an unionized gas at zero degrees, the appropriate expression can be written

!
E=—=[=kTnc{l+ ric+2020) +
p

(e)

KL+ auy) + (he = dicneric+ (25)

~
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(hy = Ahyynuag + (e + e = Alhe = Ale)nerie + pEc + pEp +

ne(l = z1c — x20)Woc + nezicWie + nereWoc + nu(l — r18)Won).

The quantities E, and Ep are the specific vaporization and dissociation energies of polyethy-
lene, taken to be given by 2 kJ/g and 80 kJ/g, respectively: the quantities W, are the
electronic excitation encrgies and can be obtained from the various partition functions via

the relation

, 0Z;4
W, = -kT2—m’—‘. (26)
This representation of the internal energy neglects the difference in the specific heats of the

solid and gas, but the difference is negligible at the high temperatures under consideration.
Finally, we must obtain an expression for the electrical conductivity o. We account for
clectron collisions with both ions and neutrals and have from standard relations

nee?

0= —————— (27)

Me(Ven + Ver)’
where v,, and v, represcnt the collision frequencies of electrons with neutrals and ions,
respectively. If we assume that the frequencies representing electron-neutral collisions can
be added, the appropriate overall frequency can be written in terms the scattering cross

sections of neutral hydrogen and carbon as

[
(e d]

Ven = Vel(l — 710 — T2 )nc Ac + (1 == zy1)np Anl, (

where v, denotes the mean electron velocity, namely,

kT 1/2
vc=(8 ) \ (29)
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and where A¢ and Ay denote cross sections of carbon and hydrogen. respectivelv. T all
calculations. we have used the vakies iLoeb and Kaplan 1930 Ar = 30xa] and Ay = 177a]
where ag 1s the Bohr radius, approximately equal to 5.29 x 107! m.

For the colbsion frequency with jons, we hiave used tne Spitzer formula but modified in
the mauner discussed ecarlier in order to account for nomdeal effects. In particular. the well-
kunown “log A” term in the usual Spitzer expression is replaced by (Zollweg and Lichermann
1987)

log A — log (1 4+ 140213 (30)

where A, is given by

Am =

7 1/2
127 ok T [ €ghT 3\
_ 4 €o (4'1 ) (31)

Zet neet w7

and n, denotes the density of positive jons in the plasma. In terins of other quantities
calculated, we have
niy =nc(ric + T20) + NHI1H. (32)

As a result of these substitutions, the Spitzer collision frequency becomes

38Zn.c*log{l + 1.1A2)}/2
Vi =

e = .
- T3
e T3/2

(33)

where 4, is a fairly weak function of Z approximately equal to 0.58 at Z = 1 and 0.68 at
Z = 2. At points between the extremes, the parameter can be approximated by a linear
function with little error. It is possible to show that Eq. (33) reduces to the usual Spitzer

result for sufficiently low densities and sufficiently high temperatures.

3.3 Solution of Governing Equations. The formalism developed in the previous

two subsections 1s sufli-ient to determine the basic flow properties of the plasma in the
capillary arc. In particular, if we regard p, w, E, p,. T', and P as the principal variables, then
Egs. (10), (11), (12), (13), (25). and (15) are sufficient to determine these unknowns. The
differential equations must be solved subject to sonie set of initial and boundary conditions.

One obvious condition is that
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w(z=10)=0. (31)

since the breech end of the capillary is closed. There is an additional condition. which is usu-
ally taken to be the flow rate or perhaps the pressure, that must be applied at the capillary
exit. The additional condition arises because the gas in the capillaiy 1s in general coupled to
conditions outside the capillary, and the gas beyvond the exit point is not considered in the
calculation. Various arguments have been made to suggest that the flow is choked at exit
provided the plasma is exhausted into gas contained in a sufficiently large volume and we will
generally apply some boundary condition that approximates this situation. If longitudinal
heat conduction is accounted for. additional boundary conditions must be specified concern-
ing either the temperature or heat flux at both the breech and exit ends. but generally heat
transport in the axial direction has been neglected i the calculations. The initial conditions
on the various variables will be discussed in Sec. 6 when specific calculations arc undertaken.
Finally, it necessary to assume values for the flow variables just inside the capillary-wall
boundary, i. e., T}, ps, Ps, and E, in Egs. (13) and (11). Unless otherwise stated we will
assume that these values are approximately given by their values in the mainstream of the

arc. Such an assumpticn is consistent with the one-dimensional nature of the meodel.

In order to solve the differential equations represented by Eqs. (10)-(12), we represented
the derivatives in the usual finite-difference approximation. The resulting nonlinear algebraic
equations were solved by a completely implicit, modified Newton-Raphson method (Pizer
1975). Various values of the grid spacing and time step were employed, but generally we
found that Az = 0.02¢ and At = 5 x 1078s provided sufficient accuracy. An artificial
viscosity was included in the time-dependent calculations to extend shock fronts over several
grid spacings if negative velocity gradients appear in the calculations. The specific expression

used was that of von Neumann and Richtmyer (1950), viz.,

- 2,2 [Ow : Jw
Q=—pAZ b 5'- R fOTg:(O (35)

and

Q =0, for?%ZO.

-~

In this expression, b is an arbitrary number of order unity and we have uscd the value b = 1.5.

The artificial viscosity is included in the numerical calculations by simply replacing P by
P = @ in Egs. (11) and (12).




4. THE STEADY-STATE, ISOTHERNMAL NMODEL

It will become evident when we undertake some of the numerical solutions of the general
time-dependent equations, that the temperature remains fairly nearly constant across the
length of the are. Furthermore. in most cases. the current changes on a time scale that is
slow compared to the rate at which varivus hydrodynamic processes oconr within the plasma.
Under such conditions it seems rcasonable to appre imate the solution of the equations
in Scec. 3 with an isothermal. steadv-state solution. Careful examination of the equations
reveals that a consistent isothermal solution can be fonnd provided the following additional
assumptions and approximations are made: (i) in addition to the temperature, the ion

wcentrations Iy¢, Ty, and riy. as well as the conductivity o. are also position independent;
I (1) the kinetic energy of the plasma can be neglected relative to its internal energy.
These assumptions will be shown to be rcasonable when the more general calculations are
undertaken. The first is acceptable because botli the ionization state of the plasma as well as
its conductivity are sensitive functions of tempcerature, but only weak functions of pressure.
The second assumption can be shown to hold reasonably well at the high temperatures wheie
there exist many contributions to the internal energy. It can furthermore be shown from the
governing equations that, when these two assumptions hold. both g, and £ are also constant

i space.

If we now make these approximations, write the governing differential cquations in con-

servation form, and integrate from zero to =, we obtain the purely algebraic results

pU = pyz (36)
put + P =1, (47)

and
pwl + Puw = J%/0. (38)

In obtaining these equations, we have used the boundary condition on w represented by
Eq. (31) and denoted by P the pressure at the breech end of the capillary. The determination

of Py must come from the additional boundary ccadition allided to in Sec. 3. 3 referring to,

say, the velocity of the gas at the capillary exit.




I we now substitute Fas. (36), (13). and (14} into Eq. (3%), we can solve formally for the

temperisture 77 1o produce

/‘ ' 17
I'= ( "-> (39)
'.2{'7(7.\‘

The above equation expresses that under the stated assumptions the energy dissipated via
Joule heating is equivalent to that raliated out the capillary walls, with the Kinetic energy

being negligible,

We now obwerve that the pressure equation of state can, according to Egs. (15) and (16),
b written
P=Chop, (10)

where Oy reprenents the jon acoustic speed in the plastna under the assumed isothermal

condhitionn wnd is given explicitly by

(41)

- al) a2 ———— ;
N + 2oy

P l“ 4 21+ Qg )k T+ 2(1 4 rm)k'/'] 3

1omny be obwerved that for the approximations discussed, Clyy is also independent of pesition
it the capillary. Substituting this relationship for P into Eq. (37) and solving (36) and (37)
for w und g produce the explicit relationships

]

p=nrr [V (= apded 2 ) (42)
ARV 17
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Sitilar expreanions for 1w and p hinve been obtained, for example, by Tidman, Thio, Goldstein,
aied Spicer (198G). 1t in evident from the results that a steady solution exists only for

v 2 2 Cho (44)

When the equality holdw, the velocity at exit is o maximum and given by the isothermal

nound nlu'vd (0.




Even with the preceding simplifications, a compictely analyvtic solution to the governing
equations is still not possible since the conductivity and ion concenirations are very compli-
cated functions of the temperature T. Since these quantitics are spatially constant, however,
the solution to the appropriate equations can be found very easily by iteration and the it-
eration need not be carried out at cvery grid point in the domain. More specifically, we
solve Eqgs. (17), (27). and (39) for z,¢, T2¢, T1h. 0, and T via iterative techniques; position-
dependent variables such as p and w, for example, then follow directly from Egs. (42) and
(43) wit - any additional numerical solutions. In the expressions for o and the jonization
factors, it is necessary of course to express position-dependent quantities such the electron
density n. in Egs. (18) and (21) by the appropriate value averaged over the length of the
arc. This replacement is necessary in order to accord with the assumption that the ioniza-
tion factors and conductivity do not depend on position. Turther study of the equations
reveals that all position-dependent quantities in the relevant equations can be expressed as a
function of the density p and the ionization factors themselves. I'or example, one can easily

show that n. can be expressed as

_ e+ 21 + 214y
Mac + 2Moy

(45)

~

An expression for < p >, in turn, follows by integrating Eq. (12) from zero to £ and produces
the result

P

2C%

1 re
<p>=-/opdz=

1
"_\.'2 _ 1/2 ‘.\!2‘ =1 A }
: {l + 5V ( 1)V2 4+ Nésin™'1/N] b, (46)

where N = Fy/(2(p,Cy0).

5. EXPERIMENT

In this section we describe the elements comprising the capillary assemibly and the specific
measurements made on the plasma discharge. These measurements include the plasma
discharge current, the voltage drop across the capillary discharge, and the pressure in the
capillary, all as functions of time during each of cight scparate shots. Particular emphasis in

the discussion will be given to the unique implementation of the pressure transducer.

*The brackets here and in the remainder of the report denote an average over the capillary length.




5.1 Experimental Set-up. Tlhe capillary discharze chamber consisted ol a 12.7-mm

outer diameter, 142.8-mm long. polvethyvicue rod. press-fitted into a 27-mm outer diameter
stainless-stecl tube. A 6.35-mm diameter, 93-mm long. maraging steei rod. coated with
a room-temperature vulcanizing adhesive (RTV') and press-fitted mto the hicech of the
capillary, served as the anode clectrode. The end of the clectrode rad extending from the
capillary was threaded to the positive bus from the power supply. The cathode end of
the capillary was joined to a 0.254-m long brass barrel with a galvanized pipe coupling.
The joint was sealed by wrapping teflon tape on the pipe threads and compressing an O-
ring in the interface. The capillary and the coupling were compressed between the two
.05 m x 0.1 m x 0.26 m halves of an aluminum housing. The housing was bolted to the
ground plate on the power supply and served as the high-current return. The initial diameter
of the capillary was 6.35 mm. After each firing the diameter of the polyethylene tube was
increased with the next larger recamer size. This procedure provided for a new capillary
diameter for each shot. but saved valuable time in remachining new capillary parts. The

length of the ablating discharge channel was kept constant at 60.9 mm,

The pulsed power supply used to perform the experiments consisted of four, 100-AJ
modules (Zielinski 1989a, 1989b). Each 2000 xF module used a nominal 16 4 /{ pulse-shaping
inductor and, for near-zero loads, provided for a current pulse with a 300 us rise time and a
transfer admittance of 11 kA/kV. Each module had the flexibility to be charged to different
initial voltages as well as to be triggered independently in time. Ignitrons (NL-2888A) were
used as closing switches for each module and diodes (12-RA204420’s) were included across
each module to prevent voltage reversal on the capacitor bank. All module inductors were
connected to the positive bus which served to deliver power to the load. For these shots the
power supply was configured such that a sinusoidal-type current pulse was produced having
a peak current sufficient to yield plasma core temperatures greater than 2 cv. The pulse
width so grecatly exceeded the duration of the time-dependent plasma behavior, that the
latter was expected to be negligible. Typically, the initial capacitor voltages were such that
the first module, which initiated the plasma, was charged to 1 £V, and Modules 2 - 4 were
each charged to a progressively higher value of voltage (2 - 5 kV'). A 100 us time delay was

used between module triggers. A simple illustration of the circuit is shown in Fig. 2.

A 38-gage aluminum wire (~ 0.114-mm diameter), placed along the axial length of the
capillary, was used to initiate the plasma discharge. The breech end of the wire was sccured
between the anode rod and the capillary wail, and the muzzle end between the capillary and
the brass barrel. The D.C. resistance was measured between the breech and the aluminum-
housing, and was verified to be less than 1 1 before each shot to ensure a reliable arc

initiation. An insulated block-and-screw arrangement was secured behind the anode connec-
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tion to prevent loss of capillary pressure and voltage breakdown. As the serew was tightened.
an axial force was applied to help scal the anode in the capiilary. A picture of the assembled
capillary, mounted in the aluminum housing and connected to the pulsed power supply. s

shown i Fig. 3.

Charping Module
Voltage tri
igger
Imn 16
Reley P iaca . 0000
——— LB M
NODULE 3
Erergy b aee
Ounp MODULE 2
Rolny 2000 uf ~ eee
é T NODULE 3
588
Mp . Pr——— &
RA204420 '
Resistor MODULE 4
(Ns,$,0,5H,0)
- Positive 158 rH

Figure 2. Illustration of the Circuit for the 400-kJ Power Supply. Only the first module is
shown explicitly.

5.2 Diagnostics. All of the experimental electrical data were taken using three Nico-
let 4094C Digital Oscilloscopes. Most of the data were recorded at a rate of 1.0 us/point
using 12-bit amplifiers (1 MegaSample/s, amplifier model number 4562). The pulsed-power
supply incorporated a single-point givunding scheme with the signal cables laid in close
proximity to the return ground braid of the oscilloscope. This positioning helped to avoid
any induced loop currents in the data-signal lines. The ground braid from the single-point,
earth ground was attached to the chassis of each oscilioscope in the control room, and the
A.C. conduit ground for each oscilloscope was disconnccted. At the oscilloscope. each data
line and each A.C. power cord was looped several times through a scparate ferrite core. The

51

data were stored on 53-inch floppy disks and later transferred to the large computer for

analysis.

The pressure transducer used in these experiments was a Kistler gage. model 607C. It

has a range up to 689.4 A Pa and a sensitivity constant of -0.147 pC/psi. A radial, flat-

bottomed hole was drilled through the stainless steel tube into the polyethylene wall. A



wall thickness of 1.8 mum (for a 6.35 mm capillary diameter) was left between the gage head
and the capillary wall. As the firings progressed, the capillary diameter was enlarged and
consequently the wall thickness was reduced. A stzinless steel mounting block was also added
to the outside of the stainless tube to provide extra support for the mounting threads of the
gage. The gage was located 17 mn from the steel anode. An access hole was drilled through
the aluminum housing with adequate clearance for insulation around the gage, the RG-174

miniature coaxial cable, and the BNC connector.

Figure 3. Capillary Experiment Connected to the 400-kJ, Pulsed-Power Supply.

Before each test the gage was lightly coated with vacuum grease, inseried in the radial
hole, and tightened while the capillary was in a vacuum chamber. This procedure reduced
the amount of air trapped between the gage head and polyethylene wall. Typically. a vacuum

of a fcw Pascals (50 1+ Hg) was attained in the chamber via use of a roughing pump.

During the course of this work consideration was given to the acquisition of the pressure-
transducer signal voltage. Model 607C is a high-impedance, ballistic transducer with a rise
timeof 1.5 us and is well suited for dynamic events. It produces an output of clectrical charge
proportional to its quartz-crystal displacement. Conscquently, a charge amplificr is needed
to convert the electrical charge into a voltage signal proportional to the applied pressure.
In these experiments a Kistler Dual Mode Amplifier (Model 5004) was used with a short-

time-constant setting (i. e., maximum pressure pulse duration of hundreds of milliscconds).
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Additionally. the output of this type of amplifier (£ 10 V7 full scale) is current limited and
may not preserve the high-frequency content of the transducer signal, particularly when used

to drive long coaxial data lines. For this reason full-scale output was kept around 4 1.

The large. rapidly time-varying electric and magnetic ficlds near the experiment seemed
to dictate the use of a fiber-optic data line to obtain consistent, noise-free pressure signals.
An amplitude-modulated (AM) transceiver/receiver pair (Manage Incorporated, model num-
bers FOL-100, PC/Rx, and FOL-100, PC5/Tx) was employed initially. However, the gain
of the AM pair was found to be both time and amplitude dependent. Because of the un-
certainties in calibration a simple, double-shiclded coaxial data line from the experiment
to the oscilloscope was tried. Subsequently, the double-shielded technique was employed
throughout the remainder of the experiment.

The miniature coaxial cable from the pressure transducer was roughly 1 m long, and
located inside a scction of ground braid (second shield) which was connected at the stainless-
steel capillary tube (essentially at ground potential). The other end of the ground braid was
attached to a steel box which contained, but was insulated from, the charge amplifier. Signal
noise could easily be introduced into the data-line shiclds simply by allowing the metal box
or outer braid to come into direct contact with the concrete floor. Therefore, the metal
box was insulated from the floor with a shect of wood and mylar. Before the signal line
from the pressure gage was connected to the charge amplifier, the cable was wound several
times through a large ferrite core. This procedure impeded any ground currents which might
be induced in the cable shicld. The chassis of the charge amplifier was isolated from A.C.
conduit ground by disconnecting the third prong on the power plug and by winding the cord
several times through a separate ferrite core. Because the A.C. ground was lifted, there
existed approximately 50 V' A.C. between the second outer braid and ground. Before the
miniature coaxial cable could be connected to the pressure transducer, the outer braid and
experiment ground were temporarily connected. In this way any potentially harmful gage
current was discharged to ground. Once the signal line was connected, the temporary jumper
could be removed and a more substantial ground connection could be made. The aluminum
housing was connected to the single-point earth ground located at the experiment. The
output coaxial cable from the charge amplifier was double shielded and connected at the
metal box and at the oscilloscope input BNC connector. Carcful attention was placed on
ensuring that the outer ground shicld was well insulated along the way to the oscilloscope.
Before cach firing, a known input voltage was applied to the charge-amplifier calibration
input. This procedure was followed to check the charge-amplifier calibration as well as to
verily the amplifier-to-oscilloscope signal path.

Additional electrical diagnostics included measurecments of the load voltage and the time
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rates of change of the plasma and individual module-inductor currents. The voltage was
mecasurced between the anode connection block and the aluminum housing by using a Pearson
current transformer and resistor string. The time rate of change of the currents was measured
with Rogowski coils placed around the positive bus of the pulsed-power supply and cach
individual inductor lead. These techniques, used previously in railgun experiments, are
described elsewhere (Ziclinski and Powell 1990).

The plasma discharge current typically rose to peak in about 450 ps. Monitoring cach
of four, separate, rapidly-varying current pulses, using Rogowski coils, provided a valuable
diagnostic since recorded di/dt signals may contain information on functional anomalies
that an integrated waveform would mask. The di/dt signals were recorded directly from the
Rogowski coils and the integrations to obtain current performed numicrically using a five-
point smoothing algorithm. The Rogowski coils used for these experiments had rise times of
less than 3 us. The error between the sum of the four measured inductor module currents
and the measured total arc current for all the shots was typically less than 5%.

5.3 Measured Data. There were eight firings performed in this series of experiments.
Current and voltage data were obtained on all firings; five firings produced valid pressure
data. The pressure data obtained on the remaining firings were not useful. Solder, used
to fill unused fiber-optic velocity measurement holes in the brass barrel, blew out owing to
capillary pressure.

Physical mcasurements in these experiments included the capillary diameter before and
after five of the firings and limited video-tape footage during the firings. The changes in
dimensions of the capillary were used to estimate the ablated mass and the recession rate
of the capillary wall. The video data revealed the large amounts of light and gas being
expelled from the brass barrel many frames after the depletion of the capacitive stored energy.
Although only qualitative, these data provided insight into additional energy-conversion

mechanisms which occur on a time scale greater than the width of the current pulse.

The data scts from each firing exhibited similar features and therefore only one firing,
Shot 8, will be discussed in detail. Summaries of mecasured data from the remaining shots
are prescented in Tables 2 and 3 and will Le given more cursory discussion later.

The arc current, 1(t), was comprised of current supplied by the four independently trig-
gered capacitor-bank modules. For Shot 8, the initial charge voltages were 2.0, 3.5, 4.5, and
5.0 £V, on Banks 1-4, respectively. Between each trigger pulse were 100 ps time delays.
The inductor currents of each module are shown in Fig. 4 as a function of time. The first

two current pulses rise to their peak in roughly 200 ps. The rise time for the current of
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the remaining modules approaches the short-circuit value (300 us). owing to the lowered
resistance of the are at the higher current. The currents presented in the figure are bipolar
even though there are diodes across cach module to prevent voltage reversal on the capacitor
bank. The interaction between the current-dependent load voltage and the module currents
causcs the capacitor voltage to oscillate about a value above zero potential. Furthermore.
on this shiot it appeared that the first module had been recharged to a higher voltage by
the interacting currents. This cffect produced a larger peak current in the first inductor at
t ~ 1100 us. Unfortunately, there were not enough data channels to monitor a complete set

of clectrical parameters for the power supply and their interaction with the plasma load.
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Figure 4. Four Mcasured Module Inductor Currents as a Function of Time for Shot 8.

The total measured arc current is shown in Fig. 5. The current waveform has a rise-to-
peak of approximalely 450 us. The inflection points occurrirg every 100 s are indicative of
the triggered modules supplying current to the load. The final pulse width is about 850 jus.
The small modulation in the load current for carly times has been observed previously
during power-supply characterization tests with fixed-load impedances. The amplitude of
the modulations can be controlled by adjusting the load impedance. Exact calculation of
this effect is impossible mainly because of the undeterminable, distributed stray capacitances
and inductances in the pulsed-power supply. However, an excellent description of such
phenomena and their relation to measured transient data can be found elsewhere (Burden
and Shear 1969). In summary, it has been found when the load impedance is large compared

to the module impedance, the load current tends to have many, small-amplitude oscillations




superimposed on the load-current waveform. Such an effect also occurs, as scen in Fig. 3, for
times less than 40 us, when the plasma arc is initiated. When a relatively small impedance
is used for the load, as is the case when the current rises to a large level (t > 200 pis), very

few, smaller-amplitude oscillations appear.

i (kA)

6 200 400 600 800 1000 1200
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Figure 5. Mcasured Plasma Arc Current as a Function of Time for Shot 8.

Figure 6 shows a trace of the mcasured voltage for Shot 8. This voltage includes the
capillary resistive and inductive terms. The first 18 us, during which peak voltage reaches
4.5 kV, corresponds to vaporization of the aluminum wire. For times less than 100 us and
greater than 18 us, the voltage waveform reveals several smiail oscillations., These oscillations
occur for the same reasons as those discussed for the arc current in Fig. 4 and, to a lesser
extent, because of the early, time-dependent formation of the plasma. For the remaining
pulse duration, the voltage drop roughly follows the shape of the current pulse, with some fine
structure appearing in the waveform after peak current. The capillary voltage drop, V', was
obtained by subtracting the capillary inductive term Lm,,d—:,%l. and the steel-anode resistive
term, fanodei(t), from the measured anode-to-housing voltage drop as a function of time,
Impedance-bridge measurements of the capillary inductance (L.,,) and anode resistance
(Rgnod.) were made al a frequency of 1 Az, and are 101.5 nfl and 1.75 m{, respectively.
The inductive-voltage term contributes less than 3% to the total measured voltage and is
largest at early times. The resistive contribution is slightly larger, about 5%, and is greatest
at peak current.

Figure 7 displays the pressure trace for Shot 8 as a function of time. It should be recalled
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Figure 6. Mcasured Anode-to-Housing Voltage Drop as a Function of Time for Shot 8.

that this pressure, denoted by /%, was measured at a point 17 mm from the anode end of
the capillary. The pressure waveform is similar in shape to the current waveform but reaches
its peak slightly later in time. Again, the inflection points which occur at 100 us intervals
are indicative of current supplied to the plasma load by the three remaining modules. Closer
inspection of the data reveals a slight time delay between the current and pressure inflection
points. This difference results from several effects. Toremost, the gage has a published
response of 1.5 us and the thin polyethylene wall between the gage head and capillary wall
will no doubt increase that value. Furthermore, the plasma may exhibit some time-dependent
behavior, especially with rapidly varying di/dt in the circuit. For this shot (Shot 8) the time
dclay between the current and pressure inflection points was 4 ps for carly times but on
Shot 4, which had a much smaller peak current and pressure, a 10 us dclay was observed.

These values are consistent witly the eflects mentioned above.

Ground petential, and therefore the reference for the oscilloscope, can shift due to small
currents flowing in the inductance and resistance of the ground connection. As a consequence,
pulsed signals can converge to nonzero values for long times. In order to verify that the
pressurc signal returned to the pre-shot zero bascline, we extended the measurement for one
shot (Shot 4) long after the pulse-width of the current. In this measurement the transient
recorder acquired ncarly 8000 pus of data and the pressure waveform was found to approach

to zcro at 8000 us.

e



W
1

n
(9]

28]
(8]

O

400 600 600 1G0C 1ZCT
t (us)

Figure 7. Mcasured Pressure as a Function of Time for Shot 8.

Perhaps, however, the most interesting regime for examining both the accuracy and
acquisition of the pressure data is the initiation phase of the plasma discharge. The fine
cylindrical aluminum wire used to initiate the plasma is exploded by the passage of the
current pulse produced by Bank 1. This method of plasma initiation is similar to expcriments
performed previously utilizing exploding-wire phenomena. With wire diameters on the order
of 0.1 mm and available encrgies larger than 5 J/cm, a nearly cylindrical shock wave system is
produced (Bennett 1959). The system is fairly complex; however strong-shock, similarity flow
theory (Lin 1954) has been found to describe the trajectory of the experimental shcck wave
and can be used to estimate the peak pressure when the plasma is initiated. In the strong-
shock approximation it is assumed that the energy is deposited instantaneously. Uniform
atmosphere surrounding the wirc is assumed to consist of perfect gas with constant heat
capacity. In our experiments energy deposition is not instantaneous and, in fact, extends
over a period an order of magnitude longer in duration than that observed in exploding wire
experiments (Burden and Shear 1969). Therefore, similarity flow theory should yicld an

upper limit for the pressure produced in the capillary during arc initiation and is given by,

_0.216 &,
ss8f = f TZ,
The energy deposited in the conducting wire, &€, is the value taken when the capillary voltage

reaches a maxitnum. At this time the wire conductivity is at a mipimum. Thereafter, the
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air becomes increasingly ionized and relatively more energy is deposited in the columii of air

surrounding the remaining metal wire.

The data for Shots 4. 6, 7, and 8 were used to calculate the pressure after wire vapor-
ization. In all tests the calculated pressure overestimated the measured pressure by a factor
of about 3 at low energies (less than 1 J/em) and about 2 at the larger deposited energies
(~ 3 J/cm). The recorded pressure pulse from wire vaporization peaks 3-10 yis after the wire
exploded. This observation is consistent with the development of a cylindrical shock-wave.
However, the observed pulse duration is an order of magnitude longer than strong-shock
theory would suggest. The differences in both time and magnitude between the calculated
and measured initiation event are largely attributable to the gage response (see discussion in
the previous paragraphs) and calibration (sec discussion in Sec. 5. 4). Further differences can
be accounted for by deposition of nonconstant wire energy in a finite ime. Most nmnportant,
is the absence in the pressure signal of noise induced from capacitor bank trigger pulses and
circuit transients during wire explosion. This final point gave us confidence that tie signal

recorded was an accurate representation of the transducer output.

A summary of the experimentally measured parameters for all the shots is shown in
Table 2. Included are the current, 7,4, in Column 2; the resulting values for the capillary
voltage, V', with corrections for the inductive and resistive terms in Column 3; the value of
the capillary pressure, P,, in Column 4; and the time, t; ,, at which these data are obtained
in Column 5. The next two columns show the value of the peak pressure. P,i, aud the time
at which peak pressure occurs, tp,, respectively. The last two columns list the measured

values for the initial capillary radius, ;. and the final capillary radius, ry;.

Table 3 summarizes additional, relevant parameters obtained from the measured electrical
data. It should be noted that there appears to be a time correlation among the peaks of
the voltage, power, current, and pressure. The peak voltage across the capillary occurs first,
followed by the peak in the arc current roughly 50-75 us later. Because of the oscillatory
naturc of the discharge, peak power occurs a few microseconds before pcak current. Peak
pressure follows peak current by approximately 100 us. Contrary to common assumptions
that capillaries of this tvpe operate in the steady-state regime, the measured plasma data
appear to exhibit a substantial amount of time dependence. This point will be further
discussed in the following pages.

Table 4 presents a summary of results calculated from various measured clectrical and
physical data. The change in capillary radius, Ar, listed in Column 2, was obtained from the

difference of the final and initial values for the capillary radii (see Table 2). The capillary

mass loss was calculated from that difference and the density of polvethvlene (930 kg/m?).




Table 2. Summary of Measured Data

; Shot | ip(kA) ] Vivolts) 1’,.(.\II’a::T!,J_k(;ls) i P M Pa) | tp, (ps) | vemm) { regimmni) r:
] 7.50 | 14435 . 071 . . 1 f
9 10.5 | 1440.3 x 383 | 31.0 516 3.175 t

gt 93§ | 1183.4 60.6 150 674 593 i 3.302 |

1 31.9 | 1597.7 83.1 480 | 91.6 566 3.365 3.451 |

5 41.9 | 17774 125.4 473 141.6 563 3.454 3.543

6 45.3 | 1832.1 129.i 171 146.0 572 3.568 3.670

7t 17.4 | 20245 124.1 153 148.4 609 3.683 3.797

8 58.7 | 2034.7 143.9 460 169.7 589 3.835 3.962

1 Not measured.
+ Pressure measurements not valid.

t Soldered fiber-optic holes had blown out.

Table 3. Pcak Data

Shot V@t Pp @t 1@t P, Gt
(RVY | (us) || (AW | (us) |} (KA) | (ps) || (MPa) | (1e8)
1 1.453 | 366 || 1091 | 392 | 7.5 | 407 * *
2 1.510 | 274 1537 | 349 || 10.5 | 383 34.0 016
3 1.552 | 356 || 35.42 | 471 || 23.8 | 480 67.4 593
4 1.633 | 372 51.65 450 || 31,9y | 480 91.6 566
5 1.837 | 385 74.84 459 || 419 | 473 141.6 563
6 1.910 | 399 83.78 | 456 || 45.3 | 474 146.0 572
7 2.021 | 389 || 96.71 | 460 || 47.4 | 453 || 148.4 | 609
8 2.040 | 463 120.0 | 463 || 58.7 | 460 169.7 589

+ Pressure measurements not valid.




Table 4. Summary of Encrgy-Conversion Data

Shot | Ar(pum) | Amep(mg) | Ep(kd) Eﬂ—‘:(l’!—%) Ry (mQ) | (%)
] .17 2347 5.3 221,97 189.9 15.3
2 27.51 32,31 T3 225.31 134.7 68.6
3 56.31 66.91 15.0 924,71 62.2 82.6
4 88.5 109.7 21.4 104.4 49.8 81.1
5 178.0 113.2 29.8 263.8 41.7 83.1
6 203.0 133.5 34.1 255.4 40.1 72.2
7 228.0 155.0 37.4 241.4 417 71.9
8 254.0 130.0 47.0 261..4 34.0 736

t Extrapolated from results on Shots 4-8.

The total energy deposited in the capillary, £p (Column 4), was obtained by integrating the
product of the measured capillary voltage and current over the width of the current pulse,
The ablation coeflicient for the polyethylene capillary was taken to be the ratio of deposited

cnergy to mass loss and is shown in Column 5.

We should finally point out that, for a power supply delivering energy to a load, the
load impedance plays a crucial role in determining the amount of energy transferred. In
electrothermal guns, we are concerned with maximizing the energy dissipated in the plasma.
Typically, an impedance can be found which will maximize the amount of crergy transferred
and hence the transfer cfficiency 7. As the load impedance exceeds that for maximum
efficiency, the amount of transferred energy steadily decreases; for load impedances evey
slightly less than that at maximum efficiency, the amount of cnergy transferred can be
greatly decreased. This eflect is particularly pronounced with a plasima load since the plasima
resistance becomes smaller for larger currents. Even in the relatively short series of firings
discussed here, the effect of load resistance on the transfer efliciency can be scen. The
minimum of V (¢)/:(t) for each shot was used to calculate the minimum plasma resistance,
Rmin. listed in Column 6 of Table 4. Low-current shots produce a fairly ligh-resistance
load for which the transfer efficiency is found to be less than 70% (Shots | and 2). or a
load resistance below 40 mf), the transfer cfficiency also begins to decrease, For this power

supply, maximum efliciency for energy transfer is near 85% and occurs for a load impedance

in the range of 40-65 mQ.




b4 Pressure-Gage Colibration. Inour carly attempts to measure the plasma pres-

sures o stnall, silicone grease-filled hole was used to communicate pressure in the volume of
the enpillary to the pressure transducer, However, this idea was quickly abandoned as the
silicone grense failed teinsnlate the gage from the high, pulsed electrical current. An alter-
native method was 1o simply insert the gage inder viacuum into a shallow cavity machined
in the outer eapillary wall, thereby leaving a thin seetion of polyethylene between the gage
head and the dnner sutface of the enpillary wall, The transducer had a flat, circular steel
dhnplirngin weldod 1o the teaniducer easing. When mounted radially, the polyethylene wall
then projected o nonunifornn cross section to the gage head, one which was thin at the center
of the gage and thicker at the ends,

To exaluate the trannducer systenn an completely an possible, it was decided to perform
the gage calibration i mtu. To obtnin pressures comparable to the electric-discharge exper-
inents, a thaid-and pinton sreangement was emiployed. A short section of barrel fabricated
for clibration purposes wis joined 1o the capillary using o galvanized pipe coupling, A
peconid Iisther pressure tenn ducer (Model 217, used for o reference measurement, was
mounted in the standard, balimtic oretation near the iuzzle end of the calibration barrel,
A pedyehylene tod, dellled to the depth of 60.9 mm, was uxed to form the capillary, A steel
priston with three O-tingse around the piston shaft was mounted on four guide piny and was
froe (o alide o the muzele end of the ealilration barrel, Diffusion-pump oil was used as
the compreasing thild. A stand wan constiucted by which steel disks could be dropped onto
e wteel platon, “The welghtn (30 kg maxinmim), which we-e attached to an aluminum plate,
ware guided by four steel wiren, The capillary and ealibration barre) were assembled in the
alumin howsing and positioned apright at the hottom of the drop stand. To ensure that
lnhonl ab wan apped i the compressing fluid prior w insertion of the piston and drop-
pring the welght, the piston had o wionll theended hole through the whaft by which trapped
sl could e geleased, Once thie air was sufliciently removed from the barrel and the piston
rented to the proper depth, tie through-hole wan sealed. The weighos were relessed one mie-
ter abiove the piston, subsequently compressed the fluld s the caplllary and the calibration
barrel, and therehy geneiated the desived preswre pulse, Peak pressures similar to those in
the electncal discharges were obtained, althoogh pnessure rise times were on the order of a
few milhwecomde, This type of ieasurement wan repeated for ench eapillary dimneter fired,
And for vanionn alzes of drop weight, A typical wet of pressare traces is shown in VFig, 8. It
ean beacen frone Digs B that both tansducer wignals croms at early Gines, “This beliavior is

partially due to the proapagation delay tme of the pressure wave din the fluld column.

The vatio of the pressure yecopded with tie pelerence gage to the pressare recorded by the
enpillary pope wan tohen to be the cnhibyntion factor and, as Indicated, was detenmined for

ral




Pressure (MPa)

Figure 8. Reference Pressure and Capillary Pressure as a Function of Time.

cach capillary diameter tested. The tests which vielded the largest peak pressures were used
in determining the calibration factor. Similar calibration curves were obtained regardless of
the peak pressure for a given capillary diameter. The calibration curves can be separated into
two distinct regions: positive dF/dt (rising pressure) and negative dP/dt (falling pressure).
Curves for the falling pressure data are shown in Fig. 9. The calibration factor is fairly
constant, particularly for pressures greatee than the yield strength of polyethylene (31 M Pa).
Furthermore, deviation from the reference transducer reading is on the order of a few percent
for the larger diameters and 15% for the smaller capillary diameters. The rising pressure
data are shown in IFig. 10. These data exhibit the same behavior, except for some oscillations
occurring at early times. The nature of this behavior can be attributed to the inadequate
scals and joints used in the barrel assembly. During the initial pressure rise, the fluid probably
filledd voids formed during asscinbly of the capillary to the barrel.

Of particular interest is the calibration test for the 6.73) mn diamcter capillary. On that
test the drop weight bouunced on the piston producing a double-peaked pressure pulse for
which the sccond pulse was initiated before the first could {all to zero. It appears from these
data that once the juitial pressurization of the fluid in the capillary column was completed
(at 80 M Pa), the calibration factor remained fairly constant at 0.830 with a deviation of
t 3.4%, even for pressures which subsequently fell below 80 M Pa.

A calibration test was also done using the 7.137-mm diameter capillary; as an expediency,
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Table 5. Summary of Calibration Coustants for the Capillary Gage

Capillary Diameter (mm) | Wall Thickness G the Gage (mm) | Calibration Factor
6.350 o 1.77 0.363
6.731 1.58 0.823
6.908 1.49 1.044
7.137 1.38 1.035

the capillary gage was installed under atmospheric conditions to facilitate the tests. There
was no appreciable deviation in the calibration factor for pressures greater than 73 M Pa.

However, the oscillations appearing at low, rising pressure were somewhat erratic.

Data for the largest capillary diameter tested (7.67 mm) are not shown. The peak
pressure attained using that diameter (180 A Pa) was sufficient to burst the galvanized pipe
coupling that joined the capillary to the calibration barrel. However, the calibration factor
obtained prior to failure did not deviate significantly from that obtained using the 6.908 and
7.137 mm capillary diameters.

It should be noted that the form and duration of the pressure pulses are not identical to
those generated in the electrical-discharge experiments. In the electrical firings, one end of
the capillary was open and the other sealed with the steel anode. In the calibration experi-
ments, both ends were, to a great extent, closed. Also, the calibration tests were performed
at room temperature whercas the electrical tests produced elevated wall temperatures. Iligh
temperatures should cause the polycthylene to vield at a reduced pressure allowing the gage

to follow the plasma pressure more closely as a function of time.

The capillary gage calibration factors were taken to be a best-fit, constant-value for
pressures greater than the yield strength of polyethylene (34 M Pa). An average of the
rising and falling data was used, and are listed in Table 5. As can be seen from the table,
wall thicknesses greater than 1.58 mm cause an overestimate in the actual pressure by about

15%, while thinner wall thicknesses yield underestimated pressures by only about 4%.

6. CALCULATIONS AND COMPARISON WITH EXPERIMENT

We now turn to undertaking some specific calculations with both the steady-state and
time-dependent models. In all cases we attempt to carry out calculations which allow us
to compare the results with experimental data. Considerable discussion will be presented

indicating the extent to which the theory and experiment agree, as well as attempting to
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interpret physically the results.

6.1 Steady-State Calculations. In FZ1 we exercised the steady-state, isothermal

model to compute plasma properties for five of the shots discussed in the previous section.
The shots selected for analvsis were those for which valid pressure data were obtained. 1. c..
Shots 2, 4, 5, 6, and 8. The calculations were carried out using as input the peak current
obtained in each of the five shots. A comparison of the theoretically obtained voltage drop,
Vin, measured across the length of the capillary. was also compared with that obtained
experimentally and given here by V,,. The voltage can be calculated from the simpie and

obvious formula

Vip = if/(7rio). (47)

We now undertake similar calculations using the updated steady-state model. The prin-
cipal difference between these calculations and those reported in PZ1 is that the present
model includes the nonideal effects discussed in Sec. 2. Results of the calculations are shown
in Table 6. Most of the resnlts are self-explanatory and need little discussion. The radius r,
was obtained from the average of ry, and rys indicated in Table 2. The capillary length, ¢,
was in every case equal to 6.09 cm.

The quantity Pp, shown in Column 7, represents the power dissipated in the capillary
due to the finite resistance and is given by Pp = i,kVis. This quantity is important in
assessing the capillary performance because, in the steady state with no heat loss to the
walls, this energy is equivalent to that which flows past the capillary exit.® Thus, typically,
for time scales of the order of a few milliseconds, one can use the capillary to furnish energy
of the order of several tens of kilojoules. The quantity Z in Column 8 represents the ratio of
the total number of ions in the plasma to the total number of heavy particles. Consequently,
this number gives some indication of the extent of ionization and increases with increasing
current and temperature (Column 6). The parameter r, in Column 9 gives the recession rate
of the solid surface and m, in Column 10, the steady-state mass contained in the capillary,
Finally, < P > represents the pressure averaged over the capillary length, and < 4, >
represents the similarly averaged nonideal parameter which measures roughly the ratio of
Kinetic to potential energy in the plasma. Various, nearly similar, definitions of the nonideal

paramecter exist and we have used the relation

*lf the energy passing the capillary exit per unit time is calculated in the isothermal. steady-state model, it will be found
to differ from the dissipated energy by a slight amount equal to the kinetic energy of the gas products. The reason, of course,
is that the kinetic energy was neglected relative to the internal energy in the approximations leading to the development of the
model. We are grateful to Dr. Jad H. Batteh who pointed out to us the existence of and reason for this discrepancy.
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Table 6. Calculations with Isothermal, Steady-State Model and Comparison with Experi-
mental Results

Shot | 1,4 s Vor Vin T Pp Z Ty m i< P> <> |
? # ((KA)  (mm) | (volls) | (volts) | (ev) | (MW) (em/s) | (mg) | (M Pa)
2 10.5 1 3.18 | 1440 1339 | 1.83| 141 |039( 3.74 0.68 18.4 0.26 |
4 31.9 | 3.41 1598 1926 | 2.61 61.4 0.71 9.64 1.43 58.8 027 |
5 41.9 | 3.50 1777 2113 | 284 &85 |0.76 12.4 1.78 78.3 0.27
6 | 453 | 3.62 | 1832 2109 | 2.87| 955 [0.77| 128 1.88 78.5 0.27
8 | 58.7 | 3.90 | 2035 2188 | 3.03] 1284 | 0.81] 150 2.28 89.0 0.26 !

e*(ne + n,)'/?

= 4
n 477(0}CT ( S)

As was pointed out previously, values of this parameter larger than about 0.1 indicate that
Coulomb interactions and the resulting nonideal effects should not be neglected.

Comparing the voltages V. and V; for the various shots, we see that the agreement
1s fairly good; maximum deviations are about 20%. We should also point out that the
results are not vastly different from those obtained via the model in PZ1. Voltages are
slightly higher for the computations here since the nonidecal effects lcad to a reduction in
the electrical conductivity. Experimental voltages are slightly smaller than those in PZ1
because corrections for anode resistance and capillary inductance have now been included
as discussed in Sec. 5. For none of the quantities computed in the table, however, did we
observe differences larger than about 10% from those calculated in PZ1. This conclusion
is perhaps surprising since, at a given temperature and pressure, nonideal effects can have
a much more significant impact on the conductivity. In the problem at hand, however, in
which all the variables are nonlinearly coupled, a reduction in the conductivity because of
nonideal interactions leads to an increase in resistive heating. This increase is followed by a
rise in temperature which tends to bring the conductivity back up. Thus, the overall effect

is not so significant as might be expected a priori.

In PZ1 we also investigated a model which was steady state, but in which the isothermal
approximation was not assumed. In other words, the variables which were assumed to be
position independent in the previous section, were allowed to vary. In the present work, we

have not developed such a model explicitly, but rather have obtained steady-state results by
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relaxing the time-dependent calculations for a specific current until nearly steady behavior
was obscrved. We discuss now somie of the results of a calculation undertaken for Shot 8 (sce
Table 6). This calculation was performed primarily to examine the validity of the isothermal
approximation.

The initial conditions for the calculation were taken to be the steady-state values obtained
via the isothermal model. These variables will not satisfy the equations of the more general
model initially, and will evolve in time until a new steady solution is reached. A comparison
of the two steady solutions should then provide an indication of how accurate the isothermal

mode] is.

For the isothermal case, we showed in the previous section that no steady-state solution
existed for w(z = () greater than C,o where C,q represented the isothermal sound speed. For
w(z =€) = C,o, the flow is choked and it is easy to show that the breech and exit pressures

must satisfy

Po=P(z:=0)=2P(z ={). (19)

Under conditions which are not isothermal, the sound speed is more difficult to compute, and
we have for simplicity used Eq. (49) to supply the additional boundary condition required.
The sound speed at the point z = { has been estimated in our calculations from the very
approximate expression

Cs = (11, P/p)'"?, (30)

where 7.7/ is the effective adiabatic exponent or specific-heat ratio for the plasma given by

(Zeldovich and Raizer 1966)

Yers =1+ P/(pE). (51)

Equation (50) is known (Tidman and Goldstein 1985) to produce an estimate of Cs which
is slightly higher than that produced by the more rigorous expression, namely,

1/2
Cs = (@) , (52)

with the subscript S denoting partial differentiation at constant entropy.




Shown in Figs. 11 and 12 arc pressure and temperature profiles obtained from both the
isothermal model and the more general model discussed above. Results are plotted as a
function of the dimensionless distance £ = z/f. As can be seen, the pressure in the arc
agrees to within, at worst, about 5% everywhere: the temperature is in somewhat better
agreement. Presumably, the slight drop in temperature with increasing ¢ results from a
grcater percentage of the total energy in the arc being associated with kinetic energy of the
gas products as they arc accelerated near exit. Similar observations were noted in PZ1. The
load voltages predicted by the general and isothermal (sce Table 6) models were 2047 and
2188 V', respectively. Similarly rcasonable agreement has been found for other variables and
otlicr shots and we conclude that the isothermal model can be used reliably for predictions

in cases for which the flow is steadyv and for which extreme accuracy is not required.

P (MPa)

Figure 11. Comparison of Steady-State Pressure Profiles in the Isothermal and General
Models for Shot 8.

6.2 . Time-Dependent Calculations. In addition to the steady-state calculations de-

scribed above, we have also undertaken a number of time-dependent calculations with the
more general model. The purpose of these calculations was to compare with time-dependent
experimental data for the shots discussed in the preceding subscction. It is necessary for
these calculations to input the current i(¢) as a function of time. This current was obtained
from experiment (sec, e.g., Fig. 5) and then fitted to a sixth-order polynomial in time. Such
a fit was found to give an accurate representation of the actual measured current except at

the very end and the very beginning of the current pulse. These extremes were omitted from
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Figure 12. Comparison of Steady-State Temperature Profiles in the Isothermal and General
Modcls for Shot 8.

the calculation anyway, since we selected for analysis a region about peak current for which

the pressure measurements were fclt to be particularly accurate.

For all these calculations, the boundary condition at exit was taken to be that given in
Eq. (49). When this condition was applied, we generally found that the exit speed of the
gas products was slightly less than our estimate of the sound speed at exit obtained from
Eq. (50). The initial conditions employed in cach case were the steady-state values of the
various parameters obtained at a value of the current equal to that which we chose to be the
initial value in the pulse described above. These values were obtained by running the time-
dependent code at the initial current until a steady state was achieved, and then allowing
the current to vary.

We now discuss some of the results of the calculations. We will confine our attention
to Shots 4 and 8; other cases gave very similar results. We will first discuss some purely

theoretical resuits and then compare with the available experimental data.

Shown in Figs. 13-15 are pressure, velocity, and temperature for Shot 8 at three different

times. The only noteworthy aspect of these graphs is the observation that the profiles look

rcasonably steady; the shapes of the curves hardly change as the current rises from about
36 kA at 300 us to a peak of about 58 kA at around 460 us, and then drops to about 26 kA

at 700 us. Further evidence of the steady behavior can be seen frem data in Table 7 in which




are shown in Columns 3 and 4 the power dissipated in the arc at the time in question. Pp.
and the power passing the capillary exit plane. Pg. The latter quantity was calculated from
the expression

\

Pr = Ajpw(E +uw/2) + Puwje=. '53)

\
As suggested previously, one would expect results in Columns 3 and 4 to be equal in steady
state. Actually the results agree to within, at worst. about 5% .» Also shown in the table
in Column 5 is the estimated sound speed at the exit plane calculated from Eq. (50) and,
in Coiumn 6, the exit velocity of the gaseous products. As pointed out, the exit speeds are

somewhat smaller than the estimated sound speed.
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Figure 13. Calculated Pressure Profiles at Several Times for Shot 8.

One of the principal reasons for investigating a time-dependent model was the obser-
vation, made by us as well as others, that many of the plasmadynamic variables in these
arc-discharge experiments exhibit significant time-dependent behavior. The very early ex-
periments of Ibrahim (1980), for example, indicated that the capillary voltage was not a
single-valued function of the current as one would expect for completely steady behavior.
Furthermore, it was noted in that work that even more significant time-dependent behavior

was observed in other arc variables such as the pressure. The later work by Ruchti and

*We could also compare the mass ablated per unit time with the mass which flows past the exit, as well the momentum
flux to the Lotal pressure drop across the capillary. These calculations have in fact been carried out, and the results indicate
nearly steady behavior.
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Figure 14. Calculated Velocity Profiles at Several Times for Shot 8.
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Figure 15. Calculated Temperature Profiles at Several Times for Shot 8.
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Table 7. Theoretical Results from Time-Dependent Calculations for Shot 8.

t | i | Po | Pr [Cslé=1)|v(€=1)!
(us) | (A) | (MW | (MW) | (km/s) | (km/s)
300 | 36.1 60.7 57.2 9.8 8.8
500 | 58.3 121.2 121.7 11.1 10.0
700 | 26.2 38.5 41.2 8.9 8.2

Niemever (1978), if examined carefully, also demonstrates substantial time dependence in
the measured pressure versus current, with the current reaching peak value considerably
prior to the time at which the pressure peaks. Finally, with regard to electrothermal guns,
"hysteresis” effects have been observed in voltage-versus-current profiles not only by us but
by other investigators at BRL as well (Katulka et al. 1990).

In order to compare calculated time-dependent results with experimental data, we have
plotted in Figs. 16-19 for both Shots 4 and 8 the experimentally measured conductance and
pressure as a function of current. The graphs were plotted only for the time during which the
calculations were carried out, i. e., for 200 ps < t < 700us for Shot 8, and 300 us < t < 700us

for Shot 4. Shown on the same graphs are the calculated results for the appropriate time
interval.

In Fig. 16 are the experimental and theoretical values of the conductance for Shot 8 as a
function of current. It is evident from the curves that both the experimental and theoretical
value of the conductance is, at any fixed value of 2, slightly lower when the current is
rising than when it is falling. The difference is much more pronounced, however, in the
experimental than in the theoretical case. Similarly, shown in Fig. 17, are the calculated and
experimental values of the pressure P, at the point £ = 0.28 (or z = 17 mm) as a function
of the input current. Here the time-dependent effect is considerably more evident, especially
in the experimental data, where the pressure is a factor of two or so higher when 7 is falling
compared to when it is rising. Similar results can be seen for Shot 4 in Figs. 18 and 19.

The slight time dependence in the theoretical results, which arises from the time-varying
current, can be described approximately as follows. A small increase in current leads to an
immediate increase in Joule heating and a corresponding rise in temperature. Thus, the
rate of ablation, which depends primarily on T, also rises with the temperature. The rate

of mass loss in the capillary, however, depends not only on T but also varies strongly with

the density p. Therefore, the rate at which mass flows out the capillary will be lower than
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the rate at which It incteases owing to ablation, and dp/it will be pokitive, As o result,
buth the density and pressute within the capillaty will be Jower than under steady-state
conditivhis cottesponding to the new 70 The teverse explanation is obviously true when
di/dt e pegative, Thos, one would expect that the peak in the current © would ocenr prior
tu the peak in pressute Iy and that the pressire wonld be Jower when the canrent waa rising
that whep A0 wan {alling Farthermone, since the electrical conduetivity inereanes slightly with
Inctenaing ptemute (at fixed temperature) in this regime, one alvo expeets the conductance,
1/, (b ligher at the Wigher pressures, However, the conductivity Is only a very weak
futiction of pressure, so the elfect i expected 1o e very slight as is indeed olmerved,

I intepeating that the tine dependent model predicte trends in the pressure: and
voltage vefate cutrent profiles aiimdlar ta these seen in the experiments. However, the time
depetdent ellectae are oo mote pronosnced s the expetimental data than in the theoretical
preadio one, eapecially with regand to Che imeasured il calolated valuen of the pressure,
That thee i remtively good agreament between measured and caleulated valoes of the
voltage can presinabily be asctibed to weah dependence of the plasma conductivity on
presaiite. Hhe caloatatione indicate very nearly steadys hebiavion of the plasinn propertion,
and demonateate that the corpept iplecd vaties sufliciently slowly tiat the planma propertiens
can {ellow theze changes s nearly quash statie piaine B the following secbion we will
wleepgd G ufler surne explanations for the sfgnificant amount of tine dependence ohimerved n
the coprimental reaubte moped bedicate some improveients in hoth the model and experiments
which idght tHnssate vt undeostanding,

e that the ealt apeed of the graaes i not well appaoshmated by the sonic condition. In

At mttep b b avold using e assuinption, we hiave undertahen calonlatione i which the
peeanuied preanite wae tahep o mippdy the bowdary condition nesded b the soluthm of
U conpervation eyuations. Predicted values of the voltage acpose e capitlary can then be
campared with boid the expeopoenial ceanlon s the ceanlion predicred onder the aaspmption

that dhve fleow §o wuprie Al enjt

bon ahiphoity, and shce the thne depeadont calenlations have predicted nearly steady
b havion, theer caloulations have been carned onCondy o Che teady atate isathermal iodel,
Valueaal the corpent wore taken oo the experiinental data st succesnbve values of the tine,
and i correaponding va'uee uf the pressute wore vaed (o evaluate the breech prossare 14
whil appeate in by (37)
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Results of the calculation for Shot 8 are shown in Fig. 20 in which are plotted the
plasma conductance obtained from the experimentally measured voltage and current, the
valuc obtained via the steady-state model under the assumption that the flow was sonic,
and finally the value obtained when the caleulation was carried out using the experimental
pressure a8 described above. The results tend to indicate slightly better agreement between
theory and experiment for the case in which the pressure was matched than in the case
in which the cxit flow was assumed to be sonic. As is evident in the figure, and as has
been pointed out previously, the voltage or conductance is not very sensitive to the capillary
pressure since the plasma conductivity depends primarily on the temperatare,
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0
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Flgure 20, Measured and Theoretical Values of the Conductance for Sonic and Nonsonic
Exit-Flow Conditions, The results are for Shot &,

1t is also of interest to determine the extent to which the sonic condition is satisfied
wlien the premure in matched to experiment iu the manner deseribed above. ‘Lo answer this
guention we have plotted the Mach nmber of the gas at exit for the time during which
the caleulntion wan careled gut, Rewults are shown in Fig. 21, As is evident the flow is
alwayn subsanic winee the Mach number iv Jess than unity. For the first 450 ps or w0 of
the enlenlation, the gas exite the tube at a roughly constant fraction of the sound speed .
Around the time of current penk, however, the Mach number begins Lo decrease rapidly and
diopw by n factor of about two during the remainder of the calealation. These results will
bee dimcumned Jnworne greater detail in the following section,
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Figure 21. Plasma Mach Number at Exit Plane for the Pressure-Match Calculation.

7. CONCLUSIONS AND DISCUSSION

We have carried out both steady-state and some time-dependent calculations of plasma
properties for capillary discharges similar to those which occur in electrothermal guns. Re-
cults have been compared with experimental values of the capillary voltage and of the pres-
sure measured at a specific point in the capillary tube. General conclusions obtained from
this work can be described as follows:

1. The steady-state, isothermal model, for the assumption that the flow is sonic at exit, gives
cstimates of the plasma voltage which are in reasonable agreement with the experimental
values. The voltage appears to be fairly steady although some hystcresis is evident in the
experimental voltage-versus-current curves.

2. The measured and theoretical values of the pressure do not agree, differing typically by
as much as a factor of two. Substantial time-dependent behiavior of the pressure is indi-
cated from experimental pressure-versus-current traces. The time-dependent model, which
accounts for the time variation of the current profile. predicts the correct trends in the non-
stationary behavior of hoth the voltage and pressure, but the magnitude of the effects is
significantly underestimated.

3. Calculations in which the flow is not assumed to be sonic at exit but, rather, the exit
specd is determined by using the experimental value of the pressure, were algo carried out.
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Results of these calculations indicate slightly, but unconvincingly, better agreement with

experimental voltage measurements than do calculations performed for the sonic condition.

Although we are reduced largely to speculation, we will now discuss a number of reasons
which might contribute to the discrepancy between theory and experiment and suggest future

improvements in both the models and experiments that could illuminate the subject further.

The first and most obvious limitation of using the model to compare with experimental
results is the necessity of assuming some boundary condition concerning the exit velocity of
the gaseous products. Fortunately, many of the plasma properties, such as its conductivity,
do not depend strongly on this condition. One possibility for the nonsteady behavior of the
capillary properties could be a rise in pressure in the brass extender tube, resulting in an
unchoking of the flow as time progresses. Evidently, however, no such effect could account
for the time-dependent voltage observed when capillaries are fired into open air, such as
in the experiments done by Katulka, Burden, and White (1990), and other explanations
must be investigated. One conceivable explanation could be the substantial amount of
electrode ablation observed near the exit of capillary. This effect might be expected to
lead to a situation in which the heavy, less mobile, electrode material prevents the escape
of the capillary plasma. If such an effect does occur, it wonld become more dominant with
increasing time since the ablation of metallic material will lag the ablation of polyethylene by
a time period which depends very strongly on the temperature. This observation is consistent
with the results. Electrode ablation could be included in the models discussed above, but the
analysis would require the treatment of a nonhomogeneous mixture of polyethylene and the
electrode material. We are currently attempting to develop such a model. Experimentally,
the escape velocity of the gas at capillary exit could be measured. We have in fact attempted
these measurements via use of fiber-optic cables placed close together near the tube exit.
Measurements similar to these have been performed successfully in the past in the analysis
of railgun plasma armatures (Zielinski and Powell 1990). For the cases investigated here,
however, and particularly for the higher-current shots, the large magnitudes of the velocities
involved have made the data difficult to evaluate. Much of the difficulty arises because the
technique provides only distance-versus-time data and numerical diflerentiation, subject to
significant error, is necessary to obtain the velocity. Preliminary resulis have suggested,
however, that the exit velocities are conciderably less than the local sound speed in the
gas at the point in question. Further experimental work is required, however, before any
quantitative statements can be made. It would also be worthwhile to undertake experiments
with different types of electrode materials in an eflort to determine the extent to which the
electrodes affect the results.

A second reason for the lack of agrecment between theory and experiment is the possi-




bility that the capillary plasma may be "contaminated.” As indicated previously, this and
other capillary-discharge models are based on the assumption that the capillary consists of a
mixture of the various species which comprise the capillary wall. Cleariy, however, if there is
significant electrode erosion, whether at the breech or muzzle end of the discharge tube, the
electrode material will become a part of the entrained plasma. The resulting mixture may
then have properties different from those of the assumed mixture. Furthermore, particularly
if the flow is not choked, there may be species diffusion from the region beyond the breech
back into the capillary. Again, under this condition, the constituency assumed for the plasma
will not be correct and its properties will be modified in some unknown way. We expect that
this contamination may affect significantly sensitive plasma variables, such as the pressure,

density, and velocity, but not insensitive ones such as the voltage or temperature.

A third possibility for the lack of agreement may be that the current is not being con-
ducted throughout the entire radius of the capillary or, in cther words, the thickness of the
vapor zone may not be negligible as assumed. In his early experiments, Ibrahim (1980) found
it necessary to postulate such an effect in order to achieve an energy balance between the
radiated and dissipated power. Perhaps these or similar conclusions have been responsible
for the development of a number of "two-zone™ models such as proposed by Kovitya and
Lowke (1984). In those models the vapor layer is treatea as a region of finite thickness
whose dimensions vary with the properties of the plasma in the central core. Necessarily, the
treatment of the vapor layer is highly approximate and a number of assumptions, difficult to
justify, are made concerning its properties. Nevertheless, the models discussed in this report
could presumably be extended to two zones. It is evident that conduction of the current in a
region having cross sectional area smaller than the tube itself, will produce higher pressures
than for the case when the conduction occurs across the entire cross section. This aspect of
the results would clearly be in better agreement with the experimental data. However, the
two-zone models referred to above have all been steady state and are clearly not capable of
explaining the time-dependent behavior of the pressurc- or voltage-versus-time curves. An
extension of those models to the time-dependent case would be necessary before one could
hope to obtain any explanation of this aspect of the problem. Of course, the two-zone models
are just a rough approximation to a real two-dimensional model. As pointed out in PZ1,
a time-dependent, two-dimensional investigation of this problem is appropriate and timely.
Experimentally, the radius of the current-carrying part of the capillary could probably be
inferred from measurements of the magnetic-induction field as a function of radial distance
in the tube. Somewhat similar experiments (Zielinski 1989b) have been performed in the
past in railguns.

A fourth reason could be the experiment itself. Although the pressure transducer was




calibrated in situ, the time scale of the calibration was an order of magnitude greater than
that of the experiment. Ordinarily, this difference would not be significant, but since a
polyethylene wall shields the gage, the dynamic properties of the polvethylene may affect
the results. In addition, it would be helpful to measurc the pressure at a number of points
along the length of the capillary. and for capillaries of fixed diameter.

A final reason that theory and experiment may not agree completely is that there may
exist mechanisms, other than the thermal one assumed, which contribute to removal of wall
material. Such mechanisms include, for example, pyrolyvsis and stress-wave effects which can
cause spallation. These mechanisms, and the range of incident power densities for which
they are important, have been discussed by Nemes and Randles (1989) and are important
for these experiments.
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